Background-The best predictor for postoperative left ventricular (LV) systolic dysfunction in patients with chronic aortic regurgitation is still a matter of debate. 
P atients diagnosed with severe aortic regurgitation (AR) in clinical practice incur high morbidity and mortality rates. 1 Despite some controversies, there is a general consensus that surgical correction for chronic severe AR should be performed even in asymptomatic patients, before a considerable decrease in systolic function and severe enlargement of the left ventricle (LV) ensue. 2, 3 This consensus is based on the demonstration that reduced LV function has a marked influence on survival after surgical correction. Preoperative and postoperative LV systolic function is an important determinant of postoperative prognosis. 4 -6 For detecting LV dysfunction, LV ejection fraction (LVEF) has been widely used. However, in chronic AR, because LVEF is preserved by increased preload, it cannot precisely detect the developing myocardial dysfunction. Thus, there is a clinical need for a new quantitative parameter at rest to analyze the myocardial function and to predict postoperative LV systolic dysfunction.
Clinical Perspective on p 141
Myocardial strain rate (SR) imaging derived from tissue Doppler echocardiography estimates spatial gradients of myocardial velocities and allows accurate quantification of regional myocardial function. 7, 8 Greenberg et al 8 demonstrated that peak and mean systolic SR are noninvasive indices of LV contractility, as confirmed by analysis of peak elastance derived from the end-systolic pressure-volume relation.
The purpose of this study was to investigate the feasibility of preoperative LV myocardial systolic radial SR (Ssr) in predicting postoperative LV systolic dysfunction in patients with chronic AR.
Methods

Study Patients
We studied 87 patients who consulted our clinic before surgical correction for severe chronic AR between July 2004 and March 2008. Patients were carefully selected to involve only those with isolated chronic AR. Severe AR was confirmed on the basis of 3ϩ to 4ϩ valvular regurgitation visualized by aortic root angiography and/or color Doppler echocardiography. Patients with coronary artery disease (Ͼ50% stenosis in any vessel as determined by coronary angiography; nϭ9), significant aortic valve stenosis (mean aortic valve pressure gradient Ͼ25 mm Hg or aortic valve area Ͻ1.5 cm 2 ; nϭ8), other valvular disease of greater than moderate grade (nϭ6), atrial fibrillation (nϭ4), cardiomyopathy (nϭ4), or suboptimal echocardiographic images (nϭ4) were excluded, leaving 52 patients for the present study population.
Thirty-five age-matched control subjects (26 men and 9 women; mean age, 58Ϯ14 years) provided normal values of echocardiographic parameters. They consisted of healthy subjects exhibiting no risk factors except age. The study was approved by the Institutional Review Board of Kobe University Graduate School of Medicine, and all patients and control subjects provided written consent.
Study Protocol
Echocardiography was performed in all 52 patients in preoperative (within 12Ϯ6 days before surgical correction) and postoperative periods (within 12Ϯ3 months after surgical correction). Indications for surgery followed the European Society of Cardiology guidelines, in which surgery is recommended in all symptomatic patients and asymptomatic patients presenting severe AR and impaired LV function at rest (resting LVEF Ͻ50% and/or LV end-diastolic diameter Ͼ70 mm and/or end-systolic diameter Ͼ50 mm or Ͼ25 mm/m 2 body surface area [BSA] ). 3 In this study, 25 patients had heart failure symptoms at or exceeding New York Heart Association functional class II, and 27 asymptomatic patients had marked LV dilation (nϭ12), LV dysfunction (nϭ11), or both (nϭ4).
Regarding surgical procedures, standard cardiopulmonary bypass at mild hypothermia (32°to 33°C) was used. Intermittent antegrade or retrograde blood cardioplegia was used for myocardial protection. For valve origin disease, aortic valve replacement with a bioprosthesis (18 patients) or a mechanical prosthesis (6 patients) or aortic valve repair (7 patients) was performed. For aortic root origin disease, valve-preserving aortic root reimplantation 9 (15 patients), sinotubular junction plication (2 patients), or Bentall operation (4 patients) was performed.
Echocardiographic Examination
An echocardiographic system with a 3.0-MHz transducer and colorcoded tissue Doppler imaging was used (Aplio SSA-770A, Toshiba Medical System Corp, Tokyo, Japan). Precordial echocardiograms were recorded with subjects in the left lateral decubitus position with standard techniques. M-mode measurements of end-diastolic and end-systolic LV posterior wall thickness and LV internal dimensions were obtained according to the American Society of Echocardiography recommendations. LV end-systolic dimension was corrected by body surface area (LVDs/BSA). LV end-diastolic and end-systolic volumes were measured from the apical 4-and 2-chamber views using a modified Simpson rule, and EF was calculated. LV end-systolic volume was corrected by body surface area (ESVI). On the basis of previous studies, patients with a postoperative LVEF Ͻ50% were considered to have impaired systolic function. 10 
LV Functional Parameters in Chronic AR
End-diastolic radius/thickness ratio (R/T) was calculated as LVDd/ (2ϫPWTd), where LVDd is LV end-diastolic dimension and PWTd is posterior wall thickness in end-diastole. A previous study reported that this index is linearly related to the LV volume/mass ratio, as a measure of LV preload. 11 End-systolic circumferential wall stress (WS), as a measure of LV afterload, was calculated as (0.334ϫsBPϫLVDs)/(PWTs[1ϩPWTs/LVDs]) (kdyne/cm 2 ), where sBP is systolic blood pressure, LVDs is LV end-systolic dimension, and PWTs is posterior wall thickness in systole. 12 The ratio of WS to ESVI (WS/ESVI) was then calculated as a measure of myocardial contractility. 13 
Strain Rate Imaging Derived From Tissue Doppler Echocardiography
Parasternal midventricular short-axis views of color-coded tissue Doppler images were acquired during end-expiration and analyzed off-line using custom software (TDI-Q, Toshiba Medical System Corporation). Frame rate settings of tissue Doppler imaging were a minimum of 48 frames per second, with a pulse repetition frequency of 4.5 kHz. Velocity range settings were from Ϯ17.0 to Ϯ13.0 cm/s to select the range to maximize the sensitivity. To obtain Ssr in 4 walls; the anteroseptal, lateral, inferior, and posterior walls, Doppler angle correction was performed toward the contraction center. 14 Velocity data were smoothed by spatial averaging with a kernel size of 5ϫ5 pixels. We placed regions of interest (4ϫ4 mm) in the inner third of the walls at end diastole. Regions of interest were moved through 1 cardiac cycle by an automatic tracking system. SR values were averaged over 3 consecutive cycles. The beginning and ending of the ejection phase were determined from the simultaneously recorded ECG and the pulsed-wave Doppler velocity trace at the level of the aortic valve. Ssr was defined to be the highest SR value in the SR curve in the ejection phase ( Figure 1 and Figure 2 ). An averaged value of Ssr values in the 4 walls was calculated.
Data Reproducibility of SR Measurements
In 30 walls randomly selected from the total 208 walls representing the sum of the 4 walls of LV in all 52 patients, interobserver and intraobserver reproducibility of the measurement of Ssr was evaluated by 2 independent observers blinded to clinical information. To assess the intraobserver reproducibility, selected walls were analyzed at different times (at least 2 weeks apart) by an observer blinded to the results of the previous measurements. To assess the interobserver reproducibility, selected walls were analyzed by the second observer blinded to the values obtained by the first observer. Interobserver and intraobserver reproducibility was evaluated by the intraclass correlation coefficient.
Statistical Analysis
Continuous variables are expressed as meanϮSD. Categorical variables are presented as percentages. The paired t test was used to compare the preoperative and postoperative measurements in the same patients, and the unpaired t test was used to compare variables between control subjects and patient groups. A Mann-Whitney test or a Wilcoxon signed-ranks test was used appropriately for continuous variables. Simple linear regression analysis was used to determine correlation between preoperative variables and postoperative LVEF. Among averaged Ssr, LVEF, FS, ESVI, LVDs/BSA, age, and sex, multiple regression analysis using stepwise algorithm was performed to identify independent correlates of postoperative LVEF. Analysis of the receiver-operating characteristic (ROC) curve was used to assess the ability of preoperative parameters for detecting postoperative LVEF Ͻ50%. The optimal cutoff point was calculated by determining the preoperative parameters that provided the greatest sum of sensitivity and specificity. Statistical significance was defined as a 2-tailed probability value Ͻ0.05. SPSS for Windows 13.0 (SPSS, Inc, Chicago, Ill) and R version 2.92 (R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analyses.
Results
Changes in Parameters After Surgical Correction and Comparison With Control Subjects
Of the 52 patients included in this study, there were 39 men and 13 women with a mean age of 58Ϯ15 years (Table 1) . New York Heart Association functional class was determined from the report of the attending cardiologist. Before surgery, 27 patients were in New York Heart Association functional class I, 14 in class II, and 11 in class III. No patient was found to be class IV. Because vasodilator therapy has the potential to reduce the hemodynamic burden in AR, [15] [16] [17] most patients were prescribed vasodilating agents such as calcium channel blockers, angiotensin-converting enzyme inhibitors, and/or angiotensin II receptor blockers. More than half of patients received diuretics because of symptoms of chronic heart failure.
All 52 patients survived surgery, and the clinical status did not worsen in any patients after surgical correction. No patient had any evidence of prosthetic valve dysfunction on physical examination and Doppler echocardiographic examination. In patients who underwent aortic valve replacement, patient-prosthesis mismatch was not observed, in that each effective prosthetic valve area corrected by BSA was Ͼ1.0 cm 2 /m 2 . Seven patients had persistent AR of less than mild grade.
The preoperative and postoperative clinical characteristics of the patients are summarized in Table 2 . In the echocardiographic evaluation at 1 year after surgery, LV dimensions, LV volumes, R/T, and WS significantly decreased. On the other hand, FS, EF, WS/ESVI, and Ssr were significantly increased. Postoperative EF ranged between 38% and 74%. Reduced postoperative EF (Ͻ50%) was found in 11 cases (21%, 60.8Ϯ13.8 years, 3 women). In these cases, LVEDVI was 126Ϯ20 mL/m 2 (range, 98 to 146), LVESVI was 69Ϯ18 mL/m 2 (range, 49 to 104), and LVEF was 45Ϯ4% (range, 38 to 49). Preoperative Ssr in each of the 4 walls was significantly smaller compared with that in control subjects. Concerning regional myocardial systolic function, Ssr in the anteroseptal, inferior, lateral, and posterior walls and averaged Ssr value significantly increased after surgery.
Relation of Preoperative Echocardiographic Parameters and Postoperative LV Systolic Function
By simple linear regression analysis, preoperative LVDs/ BSA, ESVI, LVEF, FS, and Ssr indices (averaged Ssr and Ssr in lateral, inferior, and posterior walls) showed significant correlations with postoperative LVEF (Table 3 and Figure 3 ). Multiple regression analysis using stepwise algorithm demonstrated that averaged Ssr was the only independent predictor of postoperative LV systolic dysfunction among the covariates examined (Pϭ0.0007, adjusted R 2 ϭ0.19). The cutoff value of preoperative parameters for predicting postoperative LV systolic dysfunction was determined by ROC curves. The area under the ROC curve (AUC) of preoperative averaged Ssr (AUCϭ0.80) was greater than that of conventional echocardiographic parameters (Table 4) . With a cutoff value of averaged Ssr Ͻ1.82 per second, sensitivity and specificity for detecting postoperative LVEF Ͻ50% was 90.9% and 73.2%, respectively. When we analyzed the ROC curves of Ssr in each of the 4 walls, we obtained the largest AUC of Ssr in the posterior wall (AUC, 0.81; cutoff value, 1.76 per second; sensitivity, 90.9%; specificity, 73.2%) among the 4 walls (Table 4) .
Because the patient group included some stratification factors such as symptoms and valve origin disease or aortic root origin disease. we compared AUC in averaged Ssr within subgroups divided by these factors. As a result, we found no significant differences in AUC among the subgroups.
Data Reproducibility
The interobserver and intraobserver reproducibility in measurements of Ssr was excellent. The intraclass correlation coefficient for interobserver reproducibility was 0.927 (95% confidence interval, 0.851 to 0.965). The intraclass correlation coefficient for intraobserver reproducibility was 0.976 (95% confidence interval, 0.950 to 0.988). 
Discussion
In this study, we showed that Ssr predicts postoperative LV systolic function in patients with isolated chronic severe AR.
To the best of our knowledge, this is the first study to investigate the utility of preoperative Ssr for patients with isolated chronic AR.
Myocardial Deterioration in Chronic Severe AR
In the early period of compensated severe AR, LV adapts to the volume overload by eccentric hypertrophy. LVEF is maintained by an increased preload. The slope of the LV pressure volume relationship (E max ), a load-independent measure of myocardial function, is normal. Over time, progressive LV dilation and systolic hypertension increase wall stress. As this occurs, there is a phase during which LVEF is still normal, but E max decreases, indicating early myocardial dysfunction that is largely masked by the increased preload. 18, 19 As the LV decompensates, interstitial fibrosis increases, compliance declines, and LV end-diastolic pressure and volume rise. Furthermore, a reduction of coronary reserve in patients with severe AR has been reported to be responsible for myocardial ischemia, which in turn may play a role in the deterioration of myocardial function. 20 In patients with asymptomatic AR with marked LV enlargement or moderate LV dysfunction, a delay of surgery until symptoms develop was reported to be associated with substantial postoperative risks of LV dysfunction and death. 21 Recently, early operation was reported to improve long-term survival in patients with chronic AR. 22 Therefore, early detection of subclinical LV dysfunction may enable optimal timing of intervention, thereby forestalling further deterioration.
Previous studies suggested that the myocardial damage in asymptomatic patients with chronic AR could be detected by LV functional reserve during exercise using LVEF assessed by echocardiography. 23 However, exercise stress echocardiography is not widely used in routine clinical situations, in that acquiring data are difficult in patients with poor echocardiographic windows, severe breathlessness, or musculoskeletal problems. Clinical situations need other parameters for identifying the myocardial damage at rest.
Ssr as a New Property Indicating Myocardial Function
In this study, we assessed myocardial dysfunction by Ssr, because previous studies demonstrated its ability to measure myocardial deformation in a clinical setting and validated its accuracy with experimental studies. 24 -26 The assessment of regional myocardial deformation using radial SR has been shown to detect changes in regional systolic function in various diseases, such as LV hypertrophy, 27 aortic stenosis, 28 and cardiac Fabry disease. 29 These authors suggested that SR detected subclinical myocardial dysfunction and was identified as a potential guide to treatment. In this study, we demonstrated that Ssr in patients with chronic AR was significantly smaller than in controls. Similar data were also reported in 14 young patients with AR. 30 This finding might indicate deterioration of myocardial contractility in chronic AR.
Starling et al 19 demonstrated that E max identified a greater proportion of patients with AR who had abnormal LV systolic performance than did LVEF, positive dP/dt, or abnormal stress shortening. 19 However, in daily clinical situations, it is difficult to perform a cardiac catheter examination to obtain E max . Greenberg et al 8 demonstrated that peak and mean systolic SR are noninvasive indices of LV contractility, as confirmed by analysis of E max derived from end-systolic pressure-volume relations. Thus, we considered Ssr as a noninvasive, relatively load-independent, quantitative contractile index in evaluation of myocardial dysfunction.
Improvement in Myocardial Function After Operation
Surgical operation of AR corrects LV volume overload, thus resulting in reverse remodeling of LV, and prevents the development of irreversible myocardial damage. In this study, improved Ssr was observed after surgery. We are aware that SR is not completely independent of loading conditions. After surgical correction, afterload and preload significantly decreased. Reduction in afterload might increase Ssr, whereas reduction in preload might decrease Ssr. Therefore, the increase of Ssr in this study is a result of a combined effect of altered loading conditions and improvement of myocardial systolic function.
Preoperative Predictor in Chronic AR
Parameters such as LVDs/BSA, EF, FS, R/T, WS, and ESVI, which were compared with SR in this study, have been reported as predictors of postoperative LV function and/or survival in patients with chronic AR. [31] [32] [33] These conventional parameters have advantages of comprehensibility and manageability; however, they express dimensions and volumes of the LV or the change of these. Therefore, they are poor at detecting subtle myocardial damage, in that they cannot express LV myocardial behavior. On the other hand, the SR parameter focuses on the regional LV myocardium and is relatively unaffected by loading conditions. Consequently, the SR parameter can detect subtle changes in regional myocardium impaired by volume and pressure overload.
Because myocardial dysfunction appears as an earlier change of LV abnormality in patients with AR, it is reasonable to use SR as a predictor of postoperative function. We demonstrated that averaged Ssr was more closely correlated with postoperative LVEF, although the adjusted R 2 is relatively small in multiple regression analysis and average Ssr had a greater AUC than conventional echocardiographic parameters. We consider the averaged Ssr to evaluate global LV systolic function, although Ssr in each wall expresses regional myocardial function.
Regarding regional function, we found that Ssr in anteroseptal wall was significantly smaller than that in other walls and was a poor predictor of postoperative LV dysfunction. One of the reasons is that the anteroseptal wall is influenced by the right ventricle and is not regarded as solely a part of the LV. This causes the accuracy of averaged Ssr to decrease. On the other hand, the AUC of Ssr in posterior wall was the largest among the Ssr values (Table 4) . We therefore suggest that Ssr in the posterior wall may be used as a simple, convenient, and reliable marker detecting myocardial dysfunction in severe AR.
Study Limitations
The usual limitations inherent in the angle dependency of all echocardiographic Doppler techniques also apply to SR imaging. However, we could minimize that effect using the angle correction method. Recently, 2D strain, which is calculated based on the speckle tracking methods, has been reported to be able to express the myocardial deformity without the concern of the angle dependency. However, differences in image quality and smoothing may lead to less detailed SR curves. 34 Longitudinal SR is said to sensitively assess myocardial systolic function. 35 However, we could not use the longitudinal SR measurement because its reproducibility is very poor. One reason seems to be longitudinal motion was not parallel to Doppler direction due to spherically shaped LV. We demonstrated highly reproducible data using radial strain rate. Furthermore, regarding simultaneous acquisition of Ssr in all 4 LV walls during the same cardiac cycle, radial SR has a superior advantage to longitudinal SR.
We estimated AUC, sensitivity, and specificity from the same data used to assess the strength of the association between preoperative Ssr and postoperative LVEF. These data might overestimate the performance of Ssr. Therefore, we may require further study including new patients with chronic AR to verify the accuracy of Ssr to predict postoperative LV dysfunction. 
Clinical Implications
The results of this study suggest that the measurement of SR is a useful tool not only for estimation of subclinical myocardial dysfunction but also for optimizing surgical timing, especially in controversial cases regarding surgical indications in patients with isolated chronic AR.
Conclusions
The use of SR imaging in patients with isolated chronic AR carries new findings. First, Ssr demonstrated the presence of intrinsic myocardial abnormalities before surgical correction. Second, Ssr improved after surgical correction. Finally, preoperative Ssr could predict postoperative LV dysfunction. SR imaging has the potential to reveal intrinsic myocardial dysfunction, and thereby to improve the timing of surgical correction in patients with isolated chronic AR.
